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Abstract. FTIR imaging was performed on pig ear skin samples cryo-sectioned perpendicular to the skin surface. The OH-
stretch region revealed the distribution of water; the amide II band gave the protein distribution; the C=O stretch and C–H
stretch regions showed the variation in lipids. Water and proteins were similarly distributed. Triglycerides were predominantly
found in the deeper skin layers whereas free fatty acids and ceramides were more dominant in the upper layers. ATR-FT-Far-IR
spectroscopy with synchrotron radiation was used on full thickness pig ear skin biopsies. The Far-IR spectra showed bands in
the region from 100–150 cm−1 due to hydrogen bonded proteins and a band around 180 cm−1 arising from “free” water.
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1. Introduction

Human skin is a complex multi-layered organ which acts as a barrier to prevent water loss and to
protect the body from chemical and microbial attack. The skin essentially consists of three layers – the
epidermis, dermis and the subcutaneous fatty layer. The barrier function of skin is mainly dependent on
the stratum corneum (SC) which is a part of the epidermis and is the outermost layer of the skin. SC is
only about 10–20 µm thick and comprises approximately 15 layers [23]. Epidermis has a thickness of 75–
150 µm whereas dermis is in general 1–2 mm thick [23]. Understanding the properties and characteristics
of the different skin layers is of crucial importance in the dermatological research [10,12,13]. Pig ear skin
is a well-accepted and readily available model for the human barrier [26]. In the present study pig ear
skin was studied using FTIR imaging on cryo-sectioned skin samples. The advantage of FTIR imaging,
as compared to conventional FTIR measurements, is the ability of analyzing the spatial distribution of
the skin constituents.

Hydrogen bond vibrational modes give rise to bands in the Far-IR region below 400 cm−1. This re-
gion has traditionally been difficult to access. In the Far-IR region the synchrotron light source is more
efficient than the conventional globar [11]. Hydrogen bond formations and breakings are important for
conformational changes of skin proteins and are also important in the analysis of water which is the
most abundant substance of the skin. Water/protein interactions were previously investigated by low-
wavenumber Raman spectroscopy in the R(ν̄)-representation and a distinction between protein bound
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water and “free” water with a water structure like that in liquid bulk water was performed [10,21,22].
A water band at 180 cm−1 was assigned to the presence of water with a tetrahedral hydrogen bond con-
formation [10,21,22]. This band is significant for water with a bulk-like structure and the band was used
to monitor the presence of “free” water in human skin hair and nail [6], in photo aged and chronically
aged skin [7] and in malignant and benign skin tumors [8]. The water band at 180 cm−1 is not very
intense in the Raman spectrum and the idea in the present project is to use Far-IR with synchrotron ra-
diation in order to improve the detection limit for this band at very low-water concentrations in samples
of biological interest.

2. Materials and methods

2.1. Skin samples

Pig ears were obtained from a local abattoir within a few hours post-mortem. The skin surface was
washed and dried. The Far-IR measurements were performed on full thickness skin biopsies as approx-
imately 3 × 3 cm skin was cut off the ear and then subcutaneous fat was removed. For the imaging
transmission spectra skin samples were prepared by freezing at −80◦C for 1 day followed by serial
cryo-sectioning perpendicular to the skin surface at 5 µm thickness and tissue slices were mounted on a
BaF2 window.

A sample of collagen-I was obtained from SIGMA.

2.2. FTIR imaging and ATR-FT-Far-IR spectroscopy

A Bruker Hyperion 3000 microscope coupled to a Bruker IFS66 FT-spectrometer was used to obtain
FTIR imaging and FT-Far-IR spectra.

For the FTIR imaging spectra in transmission mode a conventional globar was used as light source.
The detector was a 128 × 128 pixels mercury cadmium telluride (MCT) focal plane array (FPA) detector
with a pixel distance of 40 µm. As the transmission mode uses a 15× objective this gives a sample area
of 340 × 340 µm2 for each image. Mapping was performed so that each measurement consists of 3 × 6
images covering an approximately 1 × 2 mm area of the sample. After recording the spectra, images
were performed using the integrated intensities of selected spectral areas characteristic of various skin
constituents and color codes are used to determine the distribution of the examined constituent. That
is, integrated intensities were calculated in the amide II region (1590–1480 cm−1) [1,27] to evaluate
the protein distribution, in the C–H stretch (2995–2830 cm−1) [1] or C=O stretch (1765–1730 cm−1)
[1] regions to evaluate the lipid distribution and in the O–H stretch region (3650–3000 cm−1) [1,24] to
evaluate the water distribution. The integrated intensities were defined as the area under the curve and
above a baseline defined by drawing a straight line between the end points of the interval.

For the FT-Far-IR spectra synchrotron radiation from beamline 73 at MAX I at MAX-lab, Lund,
Sweden was used as a light source. The detector was a liquid He cooled bolometer. The Hyperion 3000
microscope was used in ATR mode and ATR-spectra were performed directly on full thickness pig ear
skin biopsies. The penetration depth (dp) of the IR radiation is given by [14]:

dp = λ/
(
2π × n2 × (sin2 θi − (n1/n2)2)1/2),
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where λ is the wavelength, θ is the angle of incidence of the IR beam into the sample, n1 is the refractive
index of the sample and n2 is the refractive index of the crystal. The microscope ATR unit with a Si-
crystal used in this study has an incident angle of 45◦ and a refractive index of 3.4 (at a wavelength
of 10 µm [17]. The refractive index of skin is 1.55 [25] and hence the penetration depth is 2–17 µm in
the spectral range 450–50 cm−1. FT-Far-IR spectra of water were recorded in transmission mode of a
very thin layer of water on a polyethylene plate. The FT-Far-IR spectrum of collagen was obtained in
transmission mode of 2 mg in a polyethylene-(PET) pellet.

3. Results

3.1. Imaging

Imaging from a pig ear skin sample is shown in the upper part of Fig. 1. The top in the image corre-
sponds to the surface of the pig ear. The numbers on the X- and Z-axes do not refer to a distance from a
specific reference point, but variations in the numbers give distances in the image. That is, the epidermis
– SC inclusive – is in general found above the 31,500 mark on the Z-axis whereas the remainder of

Fig. 1. FTIR images and extracted spectra from a cryo-sectioned pig ear skin sample – with skin surface at the top of the
image. Top (from left to right): Integrated intensities of the water OH-stretch region (3650–3000 cm−1), of the amide II band
(1590–1480 cm−1), of the CO stretch region (1765–1735 cm−1) and of the CH stretch region (2995–2830 cm−1). (A) Extracted
spectra from areas in dermis with high concentrations of proteins/water (black curve) or esters (red curve). (B) Extracted
spectrum from an area in epidermis. Circles in the images mark the areas from where the spectra have been extracted. (The
colors are visible in the online version of the article.)
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the image is the dermis and possibly some un-removed subcutaneous fat. The images in Fig. 1 show
in the top row from left to right the distribution of water (O–H), protein (amide II), triglycerides (ester
C=O) and lipids in general (long chain C–H). The images in Fig. 1 show that water (O–H) and pro-
teins (amide II) are very similarly distributed across the skin. In Fig. 1A is shown the extracted spectra
from an area rich in proteins and water (black curve) and triglycerides (red curve). In the black curve
the 3200 cm−1 band characteristic of water and the amide I and II bands (at 1650 and 1540 cm−1, re-
spectively) characteristic of proteins are the dominating features, but the spectrum show several bands
in the lower wavenumber regions as well: The 1080 cm−1 band is rather prominent in the extracted
protein/water spectrum, hence showing that the origin of this band is probably protein based. This band
is previously unassigned in the literature and as it plays an important role in the characterization and
differentiation of human and pig ear skin [13] the assignment of the 1080 cm−1 band to proteins is a
very important finding. The images further show that triglycerides (C=O) are predominantly found in
the lower layers of the dermis approximately 1000–1700 µm from the skin surface – determined from the
integral areas of the 1750 cm−1 C=O stretching band – whereas lipids in general are found in all layers
– determined from the integral areas of the C–H stretching bands. The extracted spectrum in Fig. 1B
from an area rich in CH (but without the 1750 cm−1 band) is revealing a mixture of free fatty acids and
ceramides. The presence and content of free fatty acids is determined from the C=O band at 1725 cm−1

[31]. The presence and content of ceramides is determined from the amide I and II bands at 1675 and
1555 cm−1 and from the relationship between the amide bands and the CH-stretching vibration bands
of which the CH stretching vibration bands are the strongest ones in spectra of ceramides [20] and the
amid bands are the strongest ones in spectra of skin proteins [1].

In previously published reports on the composition and distribution of the skin lipids the triglyceride
content in epidermis ranges from 1% to 25% of the total lipid content [5,9,15,16,18,19,28]. However,
there seems to be a tendency that in all cases where only the epidermis was removed from the skin very
little triglyceride is reported [15,16,28]. In studies where triglycerides are included as a major constituent
of epidermal lipids full thickness skin was excised before separation of the epidermis [5,9,18,19]. Thus,
in the latter case epidermal tissue may be contaminated by subcutaneous fat as the present study confirms
that triglycerides are largely absent from the epidermis. On the other hand, triglycerides are found as a
major constituent of subcutaneous fat [3] in agreement with the areas found in the lower part of the
image in Fig. 1 showing the C=O distribution being either due to unremoved subcutaneous tissue or
contamination of the lower layers of dermis.

The primary lipid classes in pig stratum corneum are ceramides and free fatty acids [30] agreeing with
the extracted spectrum in Fig. 1B from the outermost layers of the skin showing the characteristic peaks
of both ceramides and fatty acids.

3.2. FT-Far-IR spectra

R(ν̄)-representations of the low-wavenumber Raman spectra from human and animal samples have
previously been published [6–8,10,11,21,22]. An ATR-FT-Far-IR spectrum of pig ear is shown in Fig. 2.
The Far-IR spectrum in Fig. 2 shows an intense band around 110–130 cm−1. A similar band in the low-
wavenumber Raman spectra was assigned to protein hydrogen bond modes [29]. Keratins are the most
abundant proteins in stratum corneum. Unfortunately no sample of keratins was available. Instead a Far-
IR spectrum of a similar skin protein, collagen-I, is included in Fig. 2. The band around 110–130 cm−1

is assigned to hydrogen bond modes in the proteins.
A broad band around 180 cm−1 in Fig. 2 is in analogy with Raman results in the R(ν̄)-representation

assigned to the presence of water with a tetrahedral hydrogen bond conformation significant for water
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Fig. 2. ATR-FT-Far-IR spectra of pig ear skin samples (full); FT-Far-IR spectra of water (broken) and collagen-I (dotted).

with a bulk like structure; i.e. “free” water as opposed to protein-bound water [4,10,22]. The overall
water content in the outer part of stratum corneum is only around 30% until a depth of approximately
5 µm in human forearm skin [2]. Assuming a similar water distribution for pig ear skin, the weak band
around 180 cm−1 in the spectrum of pig ear (Fig. 2) can be assigned to the presence of water with a
“free” bulk like structure. A Far-IR spectrum of pure water is included in Fig. 2. Due to the principles of
the ATR technique, the Far-IR radiation only penetrates the stratum corneum, where the water content
is low [2].

The 180 cm−1 band can in general be used to identify water with a structure like that in bulk liquid
water and thus contribute to a distinction between protein bound water and “free” water. This band can
be used to identify the presence of bulk liquid water in skin biopsies after freezing and thawing [10].
Skin from humans, pig ears, Guinea pigs and mice showed different water contents [10]. An estimation
of the “free” water content in skin is very important for the selection of animal skin for laboratory skin
penetration studies of pharmaceuticals – in particular for the mechanism of skin penetration enhancers
like dimethyl sulfoxide (DMSO) [12].

4. Conclusion

The FTIR imaging spectra show that water and proteins are similarly distributed as free water is eas-
ily removed from the cryo-sectioned skin samples and only protein bound water remains. The images
show that free fatty acids and ceramides are predominantly found in the upper layers of the skin whereas
triglycerides are found in the deeper layers. Further, by extraction of single spectra from different areas
of the images new correlations between the various bands from proteins became clear. Hence, the previ-
ously unassigned band at 1080 cm−1 was assigned to proteins. This is important to the research of using
spectroscopy for skin characterization and investigation [13].
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The recorded Far-IR spectra were very similar to the previously published R(ν̄)-representation of the
low-wavenumber Raman spectra from various skin samples. Thus, the result indicates that a combination
of Far-IR and low-wavenumber Raman spectroscopy can be used for a better description of water/protein
interactions on a molecular level in skin samples. Such a description would have a major impact on the
analysis of skin properties.
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